Dense networks of wireless structural health monitoring systems can effectively remove the disadvantages associated with current wire-based sparse sensing systems. However, recorded data sets may have relative time-delays due to interference in radio transmission or inherent internal sensor clock errors. For structural system identification and damage detection purposes, sensor data require that they are time synchronized. The need for time synchronization of sensor data is illustrated through series of test on asynchronous data sets.
INTRODUCTION
There exists a clear need to monitor the health of large civil engineering structures over their operational lives and when subjected to extreme events such as earthquakes, hurricanes or blasts. Difficulties with installation and maintenance of current wired monitoring systems have led to the development of low-cost (less than $1,000 per sensing unit) wireless sensors for the health monitoring of civil structures [1] [2] [3] . Wireless sensors, however, may trigger at different times, thus data from sensors may not have the same initial time stamp.
Furthermore, the transmission of the data may be delayed due to blockage of the signal or interference from other wireless devices that may be operating in the neighborhood of the system. Recent wireless sensor network designs [4] ensure that data loss is at a minimum; however, time delay in signal arrival at the data collection point cannot be prevented. In addition, there may be time-delays in the signal due to inherent clock errors. The objective of this paper is to present algorithms for synchronization of data that trigger at different times by the sensors.
Two algorithms are presented for data synchronization.
Synchronization due to blockage of the signal is currently under investigation and will be addressed in subsequent papers. The need for synchronization is illustrated through applications to structural modal parameter identification analysis. The results from these analyses are presented in the Appendix.
Until recently, recorded data used to provide insight into the performance of structures have come from cable connected sensors that use a common trigger. Structural modal parameters are estimated from these data using system identification algorithms [5] [6] [7] [8] [9] .
Furthermore, methods for structural damage detection have been proposed based on changes of structural modal parameters, such as natural frequencies, damping ratios, mode shapes or mode shape curvatures [10] [11] [12] . With wireless systems, however, the trigger time can be different and the data from the various sensors may need to be synchronized in order to perform system identification and damage detection. In order to illustrate the need for synchronization, the influence of asynchronous data on identification results of structural modal parameters is investigated and presented in the Appendix. For this purpose, the ARX model [7] [8] [9] and the natural excitation technique (NExT) [15] [16] are also summarized in the Appendix. The results from the application of these models show that modal frequencies and damping are not affected; however, mode shapes are significantly changed if the data are not synchronized. Thus, the focus of this paper is on the development of time synchronization algorithms.
Time synchronization of signals has been developed for other applications [13] [14] , but not for wireless structural health monitoring purposes. In this paper, two algorithms are developed that can be used for synchronizing data in wireless sensor networks. The first algorithm can be used when the input to a structure is measured. The input signal serves as the reference signal, and each output signal is synchronized with the input signal. The second algorithm treats asynchronous output measurements from a structure under ambient excitation, for which the input signal is not measured and is not typically known. One of the output signals in this case is taken as the reference signal and all remaining signals are synchronized with the reference signal. The structure is assumed to behave linearly and the signals are stationary.
The time synchronization algorithms are tested with signals that have time delays that are either smaller or larger than the sampling rates. Several numerical examples of simulated and recorded seismic response data from multi-story buildings are used to demonstrate and verify the proposed algorithms for data synchronization. As the noise to signal ratio in the ambient vibration data may be quite high in many civil infrastructure applications, the effect of noise on the measured data and their synchronization is also considered herein.
TIME SYNCHRONIZATION ALGORITHM FOR INPUT-OUTPUT PAIR OF RECORDINGS
The first proposed algorithm assumes that the excitation and response signals are both measured. Thus, the input signal is selected as the reference signal. synchronize all output data with the input record.
Time Synchronization algorithm
The ARX model constructed from the above asynchronous data is
When j τ is a multiple of the sampling interval ∆, Eq.(2) can be rewritten as
To obtain synchronous data, Eq. (3) has to be equivalent to Eq. proposed synchronization algorithm is based on the minimization process as described in the following paragraphs.
The ARX model for the input g x and output j y at discrete-time point τ , the values of the input signal at shifted time instances can be evaluated by a spline interpolation yielding the following set of input data
where 0 τ is the value of the time shift. With different values of 0 τ , a set of shifted input signals is obtained.
Then, each shifted input signal is paired with one of the output signals j y to construct an ARX model, which is given as
is the prediction error of the model with a given value of 0 τ . Two vectors, β and θ, are defined as follows
where superscript T denotes a transpose. Eq.(6) then can be rewritten as
For a given value of 0 τ , the total error ) τ ( 0 θ V , defined as the sum of the squares of model errors at all measurement times, is given by
where
The total error expressed by Eq. (14) is minimized to obtain the coefficients of the ARX model θ [7] [8] . Then the synchronization error for different values of 0 τ is taken to correspond to the point where )
where 'min' is defined as the minimum value of the function.
Eq. (10) is equivalent to Eq. (7) 
where 'arg' gives the argument of the function. Then, the corresponding shifted input signal,
given by Eq. (9), is synchronous with the output signal j y (t) when shifted by 0 τ as defined by Eq.(16).
In the case 0 τ < j (non causal shift), the starting data point of the input signal g
x for the time synchronization should be chosen such that the output has a time-delay with respect to the input signal. Subsequently, the time synchronization reduces to the former case when
Similarly, all other output signals can be synchronized with the input signal using the above algorithm. Finally, structural mode shapes can be identified after all effective participating factors are estimated according to Eqs.(A-6) and (A-10) as discussed in the Appendix. It is important to note that the estimated value of nk' includes both the effects of nk and τ j . Thus, once we have obtained the synchronized models (which are characterized by the model orders, na and nb, the coefficients a i , b i and the time delay nk'), the system identification can be performed successfully. These are further illustrated by the following examples.
Example application 2.2.1. A 3-story shear building under a sweep sine ground excitation
In order to illustrate the algorithm, first a simple example is developed. For this purpose, the 3-story shear building described by Clough and Penzien [22] is used. A sweep sine excitation is applied to the base of the structure. The ground excitation g x (t) is defined
The 
where nb 1 
.... For structures under ambient excitation, auto-regressive moving average vector (ARMAV) models have been applied for system identification of structures [23] [24] [25] . These models only use time series of output signals, without the requirement of excitation measurement. The excitation is assumed to be a stationary Gaussian white noise. A time synchronization algorithm for output signals based on the ARMAV models is proposed.
Time synchronization algorithm
The values of the reference signal at shifted time instants are also evaluated by spline 15 interpolation to yield the following data 
where p and q are the orders of the AR (auto-regressive) and MA (moving average) components respectively, a k and b k are 2 2 × matrices of the AR and MA coefficients and N is the number of points in the records. Parameters of the ARMAV models are estimated by the prediction error method [24] [25] .
The vector θ is defined as value by the ARMAV model [25] . With a given value of 0 τ , θ can be obtained as the minimum point of a criterion function )
The minimum value of the criterion function under a given value of 0 τ , )
The variation The influence of asynchronous data on the identification of structural modal parameters is investigated and the results are presented in the Appendix that follows. It is shown that the identification of structural frequencies and damping ratios are not affected by the asynchronous data; however, the structural mode shapes are affected by the relative timedelay in recording the data. An analytical formulation is presented for the error in the identified structural mode shapes. where, the superscript * denotes the complex conjugate.
APPENDIX -EFFECTS OF TIME-DELAYS ON SYSTEM
For a structure with proportional damping, the continuous frequency transfer function between the ground excitation and the acceleration output at point j is well known [7] [8] . To determine the mode shapes of the structure, it is necessary to have as many measurements of the output as the degrees of freedom considered. Based on the definition of the effective participating factor c ji as shown in Eq.(A-6), the mode shapes of the structure can be identified.
ARX model from asynchronous input-output data
When the excitation to a structure is measured, the excitation signal is selected as a reference 
The corresponding transfer function is Thus, identification of structural frequencies and damping ratios are not influenced by the asynchronous data but the structural mode shapes are influenced by the relative timedelay in recording the data. Absolute quantities such as structural frequencies and damping ratios can be determined from a single output measured at a location that is not a node of structural modes. However, a relative quantity, such as a component of the modal vector depends on a pair of output measurements, where time synchronization of the two measurements is necessary.
Finally, the same results can be derived analogously to the cases where a structure is excited by a measured input at a point on the structure and/or the structural has nonproportional damping [7] [8] .
Structures under ambient excitation
When a structure is subject to ambient excitation, the inputs to the structure are unknown.
For stationary uncorrelated force inputs, it can be shown by the natural excitation technique (NExT) [15] [16] that the cross-correlation between two synchronous acceleration data r y (t) and j y (t) has the following expression 
